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WEB CRIPPLING OF SINGLE WEB COLD FORMED STEEL MEMBERS 
SUBJECTED TO END ONE-FLANGE LOADING 
R. R. Gergesl and R. M. Schuster2 
SUMMARY 
Results of an extensive experimental investigation of the web crippling behavior 
of cold formed steel C-sections are presented. This study was devoted to the End One-
Flange, EOF, loading case, with particular emphasis on large inside bend radius to 
thickness ratios, (R = rJt). Seventy-two C-sections with R values ranging between five 
and 10 were tested at the University of Waterloo. Comparing the experimental results 
with predictions using the current North American Cold Formed Steel Design Standards, 
considerable underestimation was observed. Using the same model of the design 
expression currently used in the Canadian Standard (S136-94), and including 164 test 
results, a nonlinear regression analysis was conducted to establish the new coefficients 
for the EOF design expression of single web members. The proposed "Waterloo 
Expression" showed excellent agreement with test results. Furthermore, the expression 
was calibrated for the safety requirements of both the Canadian Standard (SI36-94) and 
the American Specification (AISI). Based on this study, it is recommended that the 
"Waterloo Expression" be adopted by the North American Cold Formed Steel Design 
Standards. 
1 INTRODUCTION 
The primary objective of this study was to investigate the conservative and 
unconservative aspects of the current North American design expressions for predicting 
the web crippling resistance of single web cold formed steel members with large inside 
bend radius to thickness ratios, R, up to 10, subjected to End One-Flange loading, EOF. 
The inside bend radius ratio, R, of the data used in the development of the current North 
American cold formed steel web crippling expressions does not extend beyond 
tbree[IO,13]. However, recently some tests have been carried out with R values up to five 
[5,6,12]. 
An experimental investigation was carried out at the University of Waterloo 
where 72 stiffened C-sections (see Figure 1) were tested for the case of EOF loading. 
Comparison between the test results and calculated web crippling resistances, using the 
current design expressions [1,3,7], showed conservative predictions for members with 
large R ratios. New web crippling coefficients were developed, using the same format as 
is used in the current Canadian Standard (SI36-94)[7], by conducting a nonlinear 
regression analysis. The regression analysis was based on 164 test results of stiffened C 
and stiffened Z-sections (see Figure 1) only [5,6,9,10,12]. The accuracy of the developed 
"Waterloo Expression" was evaluated. Furthermore, the expression was calibrated for the 
safety requirements of both the Canadian Standard[7] and the American Specification[2]. 
Also, web deformations under service loads were checked. 
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Figure 1- Typical C and Z Sections 
2 EXPERIMENTAL INVESTIGATION 
2.1 Test Specimens 
Seventy-two C-section specimens with stiffened flanges were tested in the 
Structures Laboratory at the University of Waterloo. A schematic drawing of a typical 
test specimen arrangement is shown in Figure 2. Test specimens were constructed of two 
equally sized C-sections placed facing each other in a box-beam arrangement. The 
lengths of all the test specimens were chosen to satisfy the EOF loading condition[1,7]. 
All coupon tests exhibited sharp yielding, with an average yield stress of 321 MPa (46.6 
ksi), an average ultimate stress of 381 MPa (55.3 ksi) and an average elongation of 37 %. 
Four different overall section depths, D, were used in the test program, starting with 150 
mm (5.91 in.) and increasing in 50 mm (1.97 in.) increments. The bearing length of the 
two end bearing plates, n, was also varied with three different lengths [30.0 mm (1.18 
in.), 63.5 mm (2.5 in.), and 101 mm (3.98 in.)]. Since it was essential to have variation in 
the inside bend radius, rj, three different values were used [6.35 mm (0.25 in.), 9.53 mm 
(0.375 in.), and 11.9 mm (0.469 in.)]. The thickness, t , was kept constant for all test 
specimens [t = 1.28 mm (0.0504 in.)]. Measured dimensions of the test specimens are 
listed in Table A.9. All specimens were fastened to the end bearing plates to simulate the 
actual situation found in practice. To ensure that the test specimens would not fail in web 
crippling at the internal One-Flange load location, the web of each test specimen was 
reinforced with a cold formed steel C-section at mid-span. Also, blocks of wood were 
provided inside each specimen at the mid-span location to prevent flange curling under 
the mid-span bearing plate. All tests were duplicated to check the reproducibility of the 
test results. 
2.2 Test Set-Up 
Test specimens were simply supported (roller and hinge) and were subjected to a 
mid-span point load as shown in Figure 3. The point load was applied to a 150 mm (5.91 
in.) bearing plate which was in direct contact with the top flange of the test specimen. 
The width of both the mid-span and the two end bearing plates were chosen to be wider 
than the external dimension of the box-section to ensure that the flanges were always in 
contact with the bearing plates (see Figure 2). The load applied at mid-span was 
measured using a load cell that was placed between the ram and the top mid-span bearing 
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Figure 2- Schematic of TypicaJ Test Specimen Arrangement 
plate. To confinn the load measurements, another loaq cell was placed under the hinge 
support. Twenty-one linear voltage displacement transducers, L VDTs, were attached to 
each test specimen. Ten were located at each end (five on each side) and one at mid-span 
to measure the deflection. Four L VDTs at each side were used to measure lateral 
movement of the web (numbered as 1,2,3 and 4 from the bottom to the top) and the fifth 
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Figure 3- Photographs Showing Test Set-Up with Instrumentation 
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for measuring vertical movement of the top flange (numbered as 5) (see Figure 3). All the 
ten L VDTs, at each end, were placed at the middle of the end bearing plate. The load was 
applied gradually by a stroke control hydraulic jack, so that the descending branch of the 
load-deformation relationship could be determined. The speed of the vertical movement 
of the hydraulic jack was constant throughout the test for all specimens [1 mmlmin. 
(0.0394 in.!min.)] to maintain consistency among the test results. Some specimens were 
loaded up to failure, while others experienced excessive web deformations, prior to 
failure, after which the test was terminated. 
2.3 Test Results 
Based on the mode of web deformation and the load-deformation behavior, two 
failure mechanisms could be distinguished, namely the rolling mechanism and the yield 
arc mechanism. These two mechanisms were first observed by Santaputra[14]and later 
named and discussed in greater detail by Bakker[ 4]. Both mechanisms started with elastic 
buckling deformations of the web up to the linear elastic limit of the load-deformation 
relationship. Beyond the elastic limit, each mechanism showed its characteristic 
deformed shape and load-deformation behavior (see Figures 4,5,6, and 7) 
In the case of the rolling mechanism, the web moved down through the comer 
radius and the bottom flange became wider (see Figure 4). This mechanism was observed 
with specimens having large inside bend radius, rj, values and/or short bearing plate 
lengths, n, (see Table A.9). The effect of the out-of-plane bending moment acting on the 
web plate, due to the eccentricity of the applied load rather than the in-plane axial load, 
was the main cause for failure. Since the junction between the web and the bottom flange 
had yielded due to the high bending stresses, the web rolled down towards the flange (see 
Figure 4). The deformation corresponding to the failure load (Pt3 in Figure 5) is too large 
to be accepted in practice, hence, the ultimate design load was taken as the load 
corresponding to the point of change in slope of the load-deformation relationship as it 
became steeper (Pt2 in Figure 5). 
In the yield arc mechanism, the web moved out of plane and the line of maximum 
out-of-plane deformation took the shape of an arc. This mechanism was observed with 
specimens having small inside bend radius, rj, values and/or long bearing plate lengths, n, 
(see Table A.9). Here, the effect of the in-plane axial load acting on the web plate rather 
than the out-of-plane bending moment, initiated failure. The large compressive in-plane 
load (larger than elastic buckling capacity), caused the thin web plate to buckle out-of-
plane. The second order out-of-plane bending moment began to increase at points of 
maximum lateral deformation and the plate developed its post buckling strength up to a 
certain limit where the axial stresses along the yield arc, mainly due to the second order 
bending moment[14], reached the yield strength of the web material. The deformation 
corresponding to the failure load (Pt2 in Figure 8) is small compared to that of the rolling 
mechanism, so, the ultimate design load was taken equal to the failure load. 
For specimens with n = 64 mm (2.52 in.) and rj = 9.53 mm (0.375 in.) or 11.9 mm 
(0.469 in.), a mixed mode of[ai/ure took place. This agrees with Bakker conclusions [ 4] 
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Figure 6- Photographs of Typical Web Deformations in Yield Arc Mechanism 
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that there is not necessarily a sharp distinction. between the yield arc and the rolling 
failure mechanisms but a gradual transition takes place. 
Three parameters were varied in this experimental study, i.e., they are the web 
height, h, the bearing plate length, n, and the inside bend radius, rj, while the steel 
thickness, t, and the yield strength, Fy, were kept constant. From the test results presented 
in Table A.9, it can be seen that, regardless of the failure mode experienced, the web 
crippling resistance increased with an increase in n and decreased with an increase in 
both h and rio This observation agrees with prediction expressions currently used in North 
America. Table A.9 also shows excellent reproducibility of test results for similar 
specimens. 
3 CURRENT DESIGN EXPRESSIONS 
Three different prediction expressions for the web crippling resistance of sections 
with single unreinforced webs subjected to EOF loading were found in the literature. 
Table 1 gives an overview of the different design expressions and their limits of 
applicability for each expression. All these expressions were based on a statistical 
analysis of the test results reported in the literature. Prabakaran and Schuster[13] at the 
University of Waterloo in Canada carried out a statistical analysis of all the existing 
experimental data to date, which resulted in the unified expression currently used in the 
Canadian Standard "S136-94"[7]. Expressions presented in the American Specification 
"AISI-96"[1] and the Automotive Design Manual "AISI Auto-96"[3] were based on 
research conducted at the University of Missouri-Rolla in the USA by Hetrakul[lO] and 
Santaputra[14], respectively. The latter has two expressions depending on the mode of 
failure, considering either a yielding failure or a buckling failure. 
In all of the experimentally based design expressions for web crippling resistance, 
it was assumed that the influences of the governing parameters are uncorrelated. Hence, a 
general expression can be written in the form of product type correction factors, each 
representing the influence of one parameter only. The general expression can be 
expressed in the form: 
where Pc is the nominal calculated web crippling resistance, K is a general coefficient, tis 
the base steel thickness of the section, and Fy is the yield strength of the steel used. KFy, 
Kri, Kn, and Kh are nondimensional coefficients accounting for the effect of yield strength, 
inside bend radius, bearing lerigth, and web slenderness, respectively. f Fy is in force 
units while all the other factors are dimensionless. This shows that the expression is 
dimensionally correct. 
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Table 1- Overview of Single Unreinforced EOF Web Crippling Design Expressions 
Correction S136 -94 AISI·96 AISI Auto·96 AISI Auto·96 
Factor [7] [1] "Yielding" [3] "Buckling" [3] 
K 4 1 9.9 0.047 
K Fy 1 (894/E)(1.33-295Fy'E) 1 E/Fy 
Kri (1 - 0.23 -VR) 0.5 $ (1.15-0.15 R) $1 ( 1 - 0.247 R ) ~ 0.32 1 
K. (1 + 0.65 -VN) (1 + 0.Q1 N) ( 1 + .0122 N ) $ 2.22 1 
Kh (1 - 0.035 -VH) (331 - 0.61 H) 1 ( 1 - .00348 H' ) ~ 0.32 
(1 - 0.298 elh ) ~ 0.52 
H limits H$200 H$200 H$200 H:5 200 
R limits R$4 R$6 R$lO R$10 
N limits N$200 N$210 N$100 NS; 100 
nih limits nih $ 1 nih $ 3.5 nih $ 2.5 nih $ 2.5 
H = hit N = nit R = ri!'t (dIDlenslOnless parameters) 
4 EVALUATION OF CURRENT DESIGN EXPRESSIONS 
Eight different sets of test data, collected from four different 
investigations[S,6,1O,12] in addition to the results from this experimental study[9], were 
used in the evaluation process. The ratios between test loads and calculated loads, PtfPc, 
based on the current design expressions [1 ,3,7], for all the test data are listed in Appendix 
A (Tables A.1-A.9). 
Sets of experimental data were given names in the following format, "name of the 
research institution - year at which the experiments were conducted - type of sections 
tested - boundary conditions". For the name of the research institution, UMR stands for 
the University of Missouri-Rolla, Rolla, Missouri, USA. UW stands for the University of 
Waterloo, Waterloo, Ontario, Canada. For the type of the section, either Cor Z sections 
was specified. For the boundary conditions, F denotes for specimens fastened down to the 
bearing plates and WB denotes wide bearing plates. 
Presented in Table 2 is a comparison between the three design expressions based 
on the mean and coefficient of variation of the ratios PtfPc. It can generally be observed 
that an expression will give a reasonably accurate prediction if exanlined with a set of 
experimental data that was used in its derivation. For example, both the S 136-94 and 
AISI-96 expressions showed good correlation with the three sets of UMR-78-C, UMR-
78-C-F, and UMR-78-C-WB data. On the other hand, a design expression will show 
either underestimation or overestimation in the web crippling resistance with a set of 
experimental data which was not included in its derivation. An extremely conservative 
prediction results when applying the Auto-96 expressions to the UMR-94-C data set, 
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Table 2- Comparison Between Prediction Accuracy of Different Design Expressions 
Experimental # S136-94 AISI-96 Auto-96 
Data Tests Mean C,O,V, Mean C,O,V. Mean C.O.V. 
UMR-78-C 26 0.970 0.133 1.00 0.081 1.06 0.082 
UMR-78-C-F 8 1.07 0.059 1.09 0.086 1.17 0.081 
UMR-78-C-WB 8 1.12 0.074 1.12 0.068 1.51 0.226 
UMR-94-C 25 1.01 0.144 1.41 0.322 1.52 0.184 
UMR-92-C 6 0.829 0.157 1.13 0.325 1.03 0.220 
UMR-92-C-F 6 0.886 0.103 1.20 0.266 1.10 0.194 
UMR-92-Z-F 4 0.964 0.104 1.47 0.153 1.42 0.061 
UMR-95-Z-F 14 0.937 0.107 1.50 0.144 1.42 0.086 
UW-97-CcF 67 1.44 0.186 1.43 0.110 1.32 0.100 
All 164 1.17 0.257 1.32 0.223 1.30 0.180 
which has a mean of 1.52 and a coefficient of variation of 0.184. Unsafe design values 
for web crippling resistance are noticed for the 8136-94 expression with the UMR-92-C 
data set, having a mean of 0.829 and a coefficient of variation of 0.157. All of the three 
expressions are considerably underestimating the resistance for the test data with large R 
ratios (UW-97-C-F). 
5 DEVELOPMENT OF THE WATERLOO EXPRESSION 
5.1 Test Data Used in Developing the Waterloo Expression 
Only C and Z-section test data was used in developing the Waterloo Expression. 
Hat sections were not included because their rotational restraint of the webs is different 
from single web sections. A preliminary study showed that unfastened Z-sections have a 
considerably lower web crippling resistance than fastened Z-sections. Bhakta[5] reported 
a 30% increase in the EOF web crippling resistance of Z-sections if fastened down to the 
bearing plates in comparison to specimens not fastened to their supports. However, the 
resistance of fastened Z-sections is similar to that of C"sections. Fastening the C-sections 
resulted in only a 7% average increase in the resistance compared to the unfastened C-
sections[5]. Based on these research fmdings, it was decided to use the test data for 
fastened Z-sections, unfastened C-sections, and fastened C-sections in developing the 
new expression. 
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A total of 164 specimens were used in the regression analysis. Experimental data 
from previous investigations (UMR-78-C, UMR-78-C-F, UMR-78-C-WB, UMR-94-C, 
UMR-92-C, UMR-92-C-F, UMR-92-Z-F, UMR-95-Z-F) [5,6,10,12] are presented in 
Tables A.I-A.8. Test results of this experimental study (UW-97-C-F)[9] are listed in 
Table A9. The range of dimensions and nondimensional parameters of the specimens 
used in developing the Waterloo Expression is presented in Table 3. 
Table 3· Range of Dimensions used in Developing the Waterloo Expression 
Parameter Fy t rj n h R N H nih 
MPa mm mm mm mm ratio ratio ratio ratio 
Range 234 0.838 1.59 25.4 51.6 1.20 13.0 33.6 0.084 
t t t t t t t t t 
641 2.77 11.9 178 303 9.30 141 253 1.05 
5.2 Formulation of Waterloo Expression 
A model similar to the expression currently used in SI36-94[7] was used. This 
expression is in the form: 
with four regression coefficients, K, Kri, Kn, and Kh. 
5.3 Waterloo Expression with Its Limits and Accuracy 
Preliminary regression analysis results for the entire test data showed that if one 
expression is used, there will be a considerable underestimation for sections tested using 
narrow bearing plates (small N values). Separating the test data based on the N ratios was 
thought to be suitable. Two sets of data with N :::;; 50 and N > 50 were created and used in 
two separate regression analyses to develop two separate sets of coefficients. The same 
format of the design expression was used in the two regression analyses. By separating 
the data based on N values, the failure modes were partially presented in the regression 
analysis. The set of data with N :::;; 50 contained mostly specimens that failed by rolling 
mechanism, while, N > 50 had only specimens that failed by the yield arc mechanism. 
However, complete separation of the test data based on the failure modes was not 
possible since failure modes were not reported in previous experimental investigations. 
The first regression analysis was conducted for 118 tests with N:::;; 50, resulting in 
the following expression: 
while the second regression was for 46 tests with N > 50, resulting in the following 
expression: 
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The two expressions are considered valid for the range parameters of the available 
experimental data listed in Table 3. They are valid for C-sections both fastened and 
unfastened, but only for fastened Z-sections. 
The ratio PJPc for the test specimens used in developing the Waterloo Expression 
is shown in tables Al to A9. The mean value and coefficient of variation of PJP c are 1 :04 
and 0.010, respectively. This means that the ratio of PJPc is normally between 1.14 and 
0.94. This degree of accuracy is the highest among the web crippling expressions (see 
Table 2). Plots of PJPc against Fy, R, N, and H (see Figures 8,9,10, and 11) show that the 
values of PJPc are being evenly distributed about the 1.00 line and are mostly contained 
within the ±20% limits over the range of parameters of the 164 tests. 
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6 CALIBRATION OF WATERLOO EXPRESSION 
240 270 
Procedures for calculating both the resistance factor, <1>, for the Load and 
Resistance Factored Design method, LRFD, and the factor of safety, F.S., for the 
Allowable Stress Design method, ASD, are well documented and described by Hsiao et 
al.[11] and Supomsilaphachai et al.[15]. The Calibration results depend on the dead to 
live load ratio, dead, and live load factors[2,8]. Also, a reliability index value, ~,has to be 
chosen so that <I> and F.S. can be calculated based on this selected ~ value. 
For the Canadian Standard[7], the ratio between dead and live load was taken as 
D/L = 1/3 and the load factors for dead and live load as UD = 1.25 & UL = 1.5, 
respectively[8], The following two equations were established to give the value of <I> and 
F.S. for any target ~ value: 
eO.240/l 
F.S.=--
1.144 
For ~ = 3, it was found that <I> ... 0.79, which approximately equals the value currently 
used in S136-94[7] (<I> = 0.80), and F.S. = 1.80. 
For the American Specification[1], recommended values are D/L = 1/5, UD -
1.20, and UL ... 1.6[2]. The following two equations were established to give the value of 
<I> and F.S. for any target ~ value: 
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eO.256/i 
F.S.=--
1.144 
For ~ = 2.5, which is recommended as a lower bound value for members[ll], it was 
found that <I> = 0.92 and F.S. = 1.66. This is in comparison to <I> = 0.75 and F.S. = 1.85, 
which are currently used in AISI-96[1]. The increase in the resistance factor and decrease 
in the factor of safety is due to the accuracy of the prediction expression. 
7 EXPECTED WEB DEFORMATIONS 
An investigation of the web deformations at service load level was also 
conducted. To establish the service load, the ultimate test web crippling resistance was 
divide by a certain factor of safety. Here, a F.S. = 1.80 was used, which was obtained in 
the above calculations for S136-94[7]. Reviewing the load-deformation relationships of 
all the Waterloo tests, it was found that all the deformations up to the service load level 
were within the linear elastic range. This means that permanent deformations did not 
occur with any of the specimens up to that load level. Under the same loading condition, 
it was found that the maximum value of lateral deformation of the web did not exceed 
about Hl30 (H = hit is the slenderness ratio of the web). This deformation value is 
thought to be reasonable and does not affect the appearance or the function of the 
structure, hence, it is considered acceptable. 
8 CONCLUSIONS 
The available test data for single web sections subjected to EOF is only for R :s; 5. 
Additional experimental tests had to be carried out to cover a wider range of R values up 
10, commonly found in practice today. A series of 72 tests were carried out to show the 
effect of various parameters on the web crippling resistance. The experimental 
investigation showed that cold formed C-sections subjected to EOF loading can fail in 
two different types of web crippling modes: the yield arc mechanism occurring in 
members with small inside bend radius and/or long bearing plate length, and the rolling 
mechanism occurring in members with large inside bend radius and/or short bearing plate 
length. 
The current design expressions, according to the 1994 edition of Design Standard 
for Cold Formed Steel Structural Members "S136-94" in Canada[7] , the 1996 edition of 
Specification for the Design of Cold-Formed Steel Structural Members "AISI-96" in the 
United States[1], and the 1996 edition of the Automotive Steel Design Manual "Auto-
96"[3], were evaluated using experimental results from this study and previous 
experimental investigations. It was found that the available design expressions for web 
crippling are underestimating the resistance for those sections with inside bend radius to 
thickness ratio, R, greater than 3. For some of the tested specimens, the degree of 
underestimation is more than 100%. 
A new design expression has been developed for predicting the ultimate web 
crippling resistance of cold formed steel members having single unreinforced webs 
subjected to End One-Flange loading, as follows: 
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N:S;50, 
N>50 
where Pc is the nominal calculated web crippling resistance, t is the base steel thickness 
of the web, Fy is the yield strength of steel, R is the ratio between the inside bend radius, 
rj, and the thickness, t, N is the ratio between the bearing plate length, n, and the 
thickness, t, and H is the ratio between the web depth, h, and the thickness, t. The 
expression is valid for C-sections both fastened and unfastened, but only for fastened Z-
sections. The expression was based on experimental data with Fy ranging between 234 
and 641 MPa (33.9 and 93.0 ksi), R between 1.20 and 9.30, N between 13.0 and 141, and 
H between 33.6 and 253. The comparison between the tested and the predicted failure 
loads, using the Waterloo Expression, indicates excellent agreement. 
Finally, the proposed design expression has been calibrated for the safety 
requirements of both the Canadian Standard[7] and the American Specification[l], 
obtaining resistance factors, <1>, of 0.79 and 0.92, respectively and factors of safety, F.S., 
of 1.80 and 1.66, respectively. The deformations of the web were investigated under 
service loads. It was found that all lateral deformations were within the elastic range and 
did not exceed about H130 for any of the specimens tested. 
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